The public, industry, and governments have become increasingly interested in green design and sustainable development. Construction activities affect the environment significantly, so environmental issues should be considered seriously. Thousands of miles of roads are paved every year with asphalt and steel-reinforced concrete. What are the environmental effects of the two materials? If asphalt has been used overwhelmingly over concrete, is it a better choice for sustainable development? We present results of a life cycle inventory analysis of the two materials based on publicly available data. We find that for the initial construction of equivalent pavement designs, asphalt appears to have higher energy input, lower ore and fertilizer input requirements, and lower toxic emissions, but it has higher associated hazardous waste generation and management than steel-reinforced concrete. When accounting for the uncertainty in the data and when annualizing environmental effects based on assumed average service lives of the two pavement types, the resource input requirements and the environmental outputs are roughly comparable for the two materials. However, asphalt pavements have been recycled in larger quantities than concrete pavements, with consequent resource savings and avoided pollution, which suggests that asphalt may be a better choice from a sustainable development viewpoint. Of course, special functional requirements or economics may dictate the use of one material over the other in particular applications regardless of the overall environmental effects.
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The public, industry, and governments have become increasingly interested in green design and sustainable development. Construction activities affect the environment significantly, so environmental issues should be considered seriously. Thousands of miles of roads are paved every year with asphalt and steel-reinforced concrete. What are the environmental effects of the two materials? If asphalt has been used overwhelmingly over concrete, is it a better choice for sustainable development? We present results of a life cycle inventory analysis of the two materials based on publicly available data. We find that for the initial construction of equivalent pavement designs, asphalt appears to have higher energy input, lower ore and fertilizer input requirements, and lower toxic emissions, but it has higher associated hazardous waste generation and management than steel-reinforced concrete. When accounting for the uncertainty in the data and when annualizing environmental effects based on assumed average service lives of the two pavement types, the resource input requirements and the environmental outputs are roughly comparable for the two materials. However, asphalt pavements have been recycled in larger quantities than concrete pavements, with consequent resource savings and avoided pollution, which suggests that asphalt may be a better choice from a sustainable development viewpoint. Of course, special functional requirements or economics may dictate the use of one material over the other in particular applications regardless of the overall environmental effects.
Road construction is a major construction activity. The two most common materials used for pavement construction are asphalt and cement concrete (often reinforced with steel). Of the 1 440 366 km (895,000 mi) of rural and urban Interstate and other highway, arterial, and collector roads and streets in the United States, approximately 1 189 307 km (739,000 mi) (or nearly 83 percent) of pavement are of flexible type (asphalt wearing surface), 94 951 km (59,000 mi) (or nearly 7 percent) are of rigid type (portland cement concrete roadway with or without a bituminous wearing surface), and 154 497 km (96,000 mi) (or less than 11 percent) are of composite type (bituminous surface on a cement concrete base) (1) . The statistics on the surface type of Interstate highways and other freeways and expressways show a more balanced use of asphalt and concrete: as much as 57 percent of the mileage may have cement concrete either as a wearing surface or as a base. Other roads and streets largely have asphalt surface.
What are the environmental implications of using one pavement material type versus the other? If asphalt is used overwhelmingly over concrete, is it a better material in terms of environmental sustainability? These questions can be answered by performing a life cycle assessment (LCA).
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LCA
LCA is a method that looks systematically at the environmental effects of various stages of the entire life cycle of a product or a process: the materials extraction stage, the manufacturing/production stage, the use phase, and the ultimate disposal phase (or end-of-life). It involves quantification of the environmental burdens (inventory analysis), estimation of the impacts of these burdens on humans and nature (impact analysis), and identification of areas where improvements are possible (improvement analysis). There are many efforts in the world to produce LCA studies that are comprehensive and useful (2, 3) . Several computer-based LCA tools provide templates and libraries of data to users. Existing studies differ in the number of environmental effects quantified and in the scope of the analysis. Scope is determined by where the boundary of the analysis is drawn. Currently, there are two approaches to boundary setting: a model developed most intensively by the Society of Environmental Toxicology and Chemistry (SETAC) and the U.S. Environmental Protection Agency (EPA), and a model called economic inputoutput-based LCA (EIO-LCA), developed by researchers in Carnegie Mellon University's Green Design Initiative (4, 5) . The SETAC-EPA approach divides each product into individual process flows and tries to quantify their environmental effects. For example, in the manufacturing stage of products, it attempts to go as far back (upstream) in the flow as possible. This assessment is typically limited by data availability, time, and cost; it includes the first tier (direct) of suppliers but seldom the complete hierarchy of suppliers-that is, all the suppliers of suppliers (indirect). In contrast, the EIO-LCA model uses the 498 × 498 economic input-output matrix (commodity-bycommodity) of the U.S. economy to identify the entire chain of suppliers (both direct and indirect) to a commodity, thus setting the boundary of the materials extraction and the manufacturing stage assessment at the level of the national economy. The 498 × 498 matrix is based on commodities such as cement, motor vehicle bodies, sugar, and so forth. To obtain the direct plus indirect (total) economic demand, final purchase amounts (final demand) are input into the model. The resulting total demand is then multiplied by matrices of average environmental burden factors calculated on economic sector level: toxic emissions per dollar of economic output, fuel use per dollar of output, and so forth.
A life cycle inventory analysis of the two most common pavement material types (asphalt and steel-reinforced concrete) is presented here. The EIO-LCA method was used to assess the environmental effects of the materials extraction and the manufacturing stages; data from the literature were used for the other life cycle phases. This article is based on an unpublished doctoral dissertation (6 ) .
DESIGN AND MATERIAL COMPOSITION OF PAVEMENTS
New 1-km-long asphalt and cement concrete pavement sections were used that have roughly the same functionality, representing equivalent designs, based on AASHTO guidelines (7). The pavement cross sections are intended to represent a typical two-lane highway with high volumes of traffic in the United States. The sections are designed for 10 million 80-kN (18-kip) equivalent single-axle loads, which is an estimate of 10 or more years of Interstate highway traffic. The serviceability index at the end of the design life of the pavement sections is selected to be 2.5 (on a scale of 0 to 5, with 5 being a perfect pavement). Both pavement sections are 720 cm (24 ft) wide and are assumed to sit on 15 cm (6 in.) of high-quality cement-treated soil subbase [E = 6.9 GPa (1,000,000 lbf/in. 2 )]. Because the subbase is the same for both pavement types, only the environmental burdens of the surface course materials are compared.
The concrete pavement section is selected to be continuously reinforced (CRCP), with these design parameters: Based on Section C.5 (7), the thickness of the asphalt pavement was determined to be 30 cm (12 in.). The density of both materials is assumed to be 2323 kg/m 3 (145 lb/ft 3 ) (8) . A 1-km-long asphalt pavement section, therefore, requires 5,018 metric tons of asphalt, and a 1-km CRCP section requires 3680 metric tons of concrete. The national average prices of asphalt and cement concrete [assuming transportation within a 32-km (20-mi) radius and 20.67 MPa (3,000 lbf/in. 2 ) or the concrete] were taken to be $29/metric ton for both materials (8) . Therefore, the material cost for the asphalt pavement section was $145,500 and the cost for the CRCP was $106,700 for the concrete and $23,400 for the steel (total of $130,100).
PERFORMING A LIFE CYCLE INVENTORY
After the designs and costs of the two pavement sections made of different materials were established, the EIO-LCA model was used to calculate the environmental burdens of both materials in the manufacturing stages. The final demands are the costs of the pavement materials: $145,500 for the asphalt pavement, and $106,700 for the concrete and $23,400 for the steel content in the CRCP. Both pavement types were estimated in this analysis by commodities in the 498 × 498 input-output matrix. For the asphalt pavement, the sector "asphalt paving mixtures and blocks" [standard industrial classification (SIC) code 2951] was used. For the concrete content of the pavement, the sector "ready-mixed concrete" (SIC code 3273) was used, and for the steel reinforcement, the sector "blast furnaces and steel mills" (SIC code 3312) was used. The total economic transactions in the supply chain for the two pavements were similar: $349,000 for asphalt, and $289,000 for steel-reinforced concrete. This total demand indicates that as a result of the final demand in the asphalt and the concrete and steel industries, there was additional demand for products and services in the entire national economy for $203,500 in the case of asphalt, and for $158,900 in the case of CRCP.
Resource inputs and environmental burdens for the two pavement materials were quantified in this LCA study. Resource inputs include consumption of electricity, fuels, ores, and fertilizers (9) . The economic input-output methodology allows for identification of the inputs not directly related to pavement material manufacturing, such as fertilizer demand. In this case, fertilizer consumption occurs with some of the agricultural suppliers of some of the direct suppliers to the asphalt and concrete sectors. Environmental effects include toxic chemical discharges to air, water, land, underground injection wells, and transfers to off-site treatment plants (10); ozone depletion potential of chemical releases (10,11); hazardous waste generation and management (12) ; and conventional pollutant emissions to air (9, 13) . Similar to the resource input requirements, the environmental effects of not only the direct suppliers (such as the cement industry for concrete) but also the indirect suppliers (such as the agricultural sector for concrete) are included in this assessment.
UNCERTAINTY IN THE DATA
All the data used in this study are uncertain. For example, the toxic chemical release data are obtained from the EPA's toxics release inventory (TRI) collected from manufacturing plants. Facilities have to report emission estimates to the TRI, which leads to inaccuracies (14) . Similar uncertainties exist regarding the Resource Conservation and Recovery Act (RCRA) Subtitle C hazardous waste data. Conventional pollutant emissions are based on the fuel consumption of facilities, and the AP-42 emission factors (AP-42) from the EPA.
The AP-42s are estimates of air emissions from processes. Resource input calculations are based on data gathered by the U.S. Department of Commerce. Companies' accounts of these costs are imperfect; in fact, many facilities fail to report them. Table 1 presents a summary of the resource input requirements associated with paving a 1-km section of a typical highway with asphalt and concrete. Ore and fertilizer consumption appeared to be higher for the CRCP. The electricity consumption is estimated to be roughly the same for the two materials. There appear to be differences in consumption of some fuel types. Bituminous coal consumption appears to be larger for the steel-reinforced concrete pavement, whereas the use of natural gas, liquefied natural gas, and liquefied petroleum gas appears to be larger for the asphalt pavement. Overall, converted to a common unit, asphalt pavement production for a 1-km section requires about 7 million MJ of energy, and the equivalent CRCP design requires roughly 5 million MJ.
RESOURCE INPUT REQUIREMENTS
Embodied energy figures for concrete (without the steel reinforcing) are available from the literature. Figure 1 compares the result of the EIO-LCA with a few values from other studies. The EIO-LCA yields a value of 900 MJ/metric ton for the ready-mixed concrete (without electricity) and is roughly comparable to the value reported by Fog and Nadkarni (16 ) and to the higher value of Boustead and Hancock (18) . However, it appears to be lower than the values reported by the American Institute of Architects (15) and by Ashby (17 ) and significantly higher than the lower figure of Boustead and Hancock (18) . Unfortunately, these literature sources do not define what exactly their embodied energy figures contain, so comparison with EIO-LCA results may be inaccurate. Table 2 presents a summary of the environmental burdens associated with the material extraction and manufacturing stages of asphalt and concrete materials (concrete and steel reinforcement) for pavements. Three major groups of environmental effects are quantified in this assessment: TRI chemical emissions, hazardous waste generation and management, and conventional pollutant emissions to air. For TRI emissions, we assessed both the unweighted amounts of TRI emissions (in kilograms, as reported by facilities to the EPA), and amounts of TRI emissions weighted by relative toxicity of the discharges, normalized to sulfuric acid (H 2 SO 4 ) (called CMU-ET, and expressed in kilograms of H 2 SO 4 equivalent) (19) . Except for the RCRA Subtitle C hazardous waste amounts generated and man- aged, and the emissions of total suspended particulates, emissions appeared to be higher for the steel-reinforced concrete design.
ENVIRONMENTAL OUTPUTS

CONSTRUCTION STAGE EFFECTS
During construction, asphalt pavements emit bitumen fumes. Outgassing occurs during material mixing, pavement laying, and for some time after the pavement is finished depending on the characteristics of the asphalt and the local climate.
Bitumens have variable chemical compositions and can be a mixture of residues from many crude oil types. Because of the variability of the chemical composition, environmental risks associated with asphalt may vary a great deal. At least 55 chemical compounds are commonly found in asphalt (20) . The ones considered of environmental concern when emitted include polycyclic aromatic hydrocarbons (PAHs) (for example, naphthalene, fluorene, anthracene, fluoranthene, and benzopyrenes) and volatile organic compounds (VOCs) (for example, benzene, benzaldehyde, alkylated benzenes, naphthalene, and alkylated naphthalenes) (21) . Many PAHs have been thought to contribute, at least in part, to the carcinogenicity of fossil fuels and their products. They have been reported to cause skin cancer in laboratory animals and possibly skin and lung cancers in exposed workers. The EPA has reviewed the literature on 15 PAHs (20) . Seven PAHs are accepted as probable human carcinogens and confirmed animal carcinogens, and eight have not been classifiable as human or animal carcinogens because of inadequate evidence. Some VOCs are known to have toxic and potentially cancerous effects on exposed mammals, and they contribute to formation of smog. For example, benzene has been classified as a human carcinogen by almost all relevant agencies (22).
A report (20) lists several epidemiological studies that have researched the relationship between exposure to asphalt and effects on human health. Some studies involved exposure of workers to paving asphalt, and some involved exposure to roofing asphalt. The interpretation of these studies is complicated because there have not been adjustments to other exposures (such as coal-tar pitch or tobacco smoke), or they were based only on employment on the date of the census.
Despite some of its components being suspected or confirmed carcinogens, asphalt fumes (Chemical Abstract Service number 8052-42-4) are considered carcinogenic only by the National Institute for Occupational Safety and Health (NIOSH). Other agencies did not have sufficient evidence or have not yet classified asphalt.
With regard to asphalt workers' occupational exposure hazards, the American Conference of Governmental Industrial Hygienists' (ACGIH) threshold limit value time-weighted average (TLV-TWA) for asphalt fumes is 5 mg/m 3 (22), which indicates the concentration of asphalt fumes needed to develop adverse health effects in workers exposed to it over time. In contrast, sulfuric acid has a TLV-TWA of 1 mg/m 3 . Heavy metals have a TLV-TWA that is two to three orders of magnitude smaller (indicating that smaller concentrations are hazardous). Australia, Belgium, Denmark, and the United Kingdom have recommended workplace exposure values for asphalt fumes that are the same as TLV values (23) . In contrast, NIOSH has established a recommended exposure limit ceiling of 5 mg/m 3 per 15 min, a considerably stricter limit than the TLV-TWA. Modern paving machines, however, have the capability to channel fumes away from asphalt workers.
A report (20) summarizes studies on the exposure of workers in a mixing plant and in four paving crews to PAHs in asphalt fumes.
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For the 19 substances measured in the studies, many concentrations were below the detection limit or differed substantially from study to study. Occupational Safety and Health Administration permissible exposure limits, which have the same definition as the ACGIH TLVs, were found for three of the substances. For these three chemicals, the measured concentrations were under the threshold limit that could cause adverse health effects in workers. The transportation required for the manufacturing and the construction stages of the two materials, as well as the energy use during construction, are assumed to be comparable.
END-OF-LIFE OPTIONS FOR PAVEMENT MATERIALS Asphalt
A survey of 29 state highway agencies in the United States (21) indicated that around 80 percent of the removed asphalt concrete surface get recycled into highway applications. This amounts to more than 70 million metric tons of asphalt pavement debris kept out of landfills annually. A key to this rate is the demonstrated recyclability of asphalt pavements. Most state highway agencies' specifications permit the contractor to retain ownership of reclaimed asphalt pavement. This practice may help the contractor in the bidding process as well as in managing the equipment capacities and material inventories.
Depending on the type and place of recycling asphalt pavements, the most frequently used methods are plant (hot-mix asphalt) recycling, cold in-place recycling, and hot in-place recycling (21) . Although hot-mix plant recycling has been widely used, both cold and hot in-place recycling are recommended only for low-traffic roads. Nevertheless, asphalt can be recycled numerous times. Reportedly, about 25 percent of hot-mix asphalt (produced in off-site plants in 1985 and 1986) used recycled asphalt pavement content, around 9300 lane-km were resurfaced using the cold in-place recycling technique, and about 3900 lane-km used hot in-place recycling. Recycling of pavements also preserves the vertical roadway clearances (under bridges, at the curb, and manholes), which is an important benefit.
However, there are no reliable, long-term statistical data on the strength and durability of recycled asphalt pavements. Advantages as well as disadvantages of reclaimed pavements have been quoted in the literature (21, 24) . A hot mix with recycled content reportedly reaches high strength quickly (24) . Although the moisture contents of reclaimed asphalt pavements are generally found to be higher than desired, the Florida Department of Transportation (DOT) reported that the reclaimed asphalt pavement was better than the locally available, highly absorptive virgin aggregate because the precoated aggregate had formed a "more uniform film of asphalt in the final mix" and that the pavements with recycled content appeared to age slower. Short-term experiences with reclaimed hot-mix asphalt have been good, but cold in-place recycled pavements have had stability problems due to the moisture content of the recycled aggregate. The Arizona DOT has had problems with uniformity of the reclaimed asphalt that contained seal coats, friction courses, and other materials. Specifications have been lax with some older pavements that used reclaimed material: inadequate gradation may have affected durability. Initial performance was good, but long-term behavior has not yet been documented.
Even though recycling of old asphalt pavements is an established technology and evidence from individual projects documented in the literature suggests that it might be economically feasible, comprehensive, national data on the life cycle costs of recycled material asphalt pavements are unavailable. Individual projects have experienced initial construction cost savings from 20 to 40 percent over virgin aggregate mixes (24) . In initial construction costs, recycling of asphalt pavements saves
• Aggregates (especially important in areas where good quality aggregate is hard to find or is expensive);
• Asphalt binder [mixtures with virgin aggregate typically require around 6 percent asphalt cement, but reclaimed aggregate mixes need only 1 to 3percent additional asphalt, saving approximately 37.9 L (10 gal) of asphalt per ton of mix (24)];
• Energy (energy savings in mining, processing, and transporting of the aggregate and the bitumen).
Many millions of tons of old asphalt pavement still end up in landfills. The National Asphalt Pavement Association (NAPA) reports that many states have tested landfilled asphalt pavement material and determined that it can be regarded as clean fill (25). The EPA's toxicity characteristic leaching procedure test did not indicate any appreciable quantities of toxic materials from discarded asphalt paving material.
Concrete
The recyclability of concrete has been demonstrated for a variety of applications-for example, road base, embankment, backfill, nonload-bearing (decorative) applications-as well as in new concrete and asphalt pavements, although it has been suggested (21) that the latter two applications would benefit from more research on design and performance. The economic feasibility of recycling concrete pavements has not yet been documented on a large scale. It was reported (21) that only about 3 million metric tons of concrete pavement are reclaimed annually. However, it is not known what fraction of concrete pavements gets recycled. One reason for the low rates of recycling might be that concrete pavements are often left in place after they become structurally or functionally obsolete; they get an asphalt overlay and become adequate road bases. Cement concrete recycling projects are scarcely reported in literature. One report (26) appeared in Public Works about a small-scale concrete pavement recycling project. A 25-year-old concrete pavement from a two-lane highway in Kansas was reclaimed, crushed, and used as aggregate for portland cement-treated base (PCTB) for 1.6 km (1 mi) of portland cement concrete pavement (PCCP) and for 0.8 km (0.5 mi) of road shoulders for a new, four-lane highway section for the Kansas DOT. To meet the strength requirements for the PCTB, 20 percent limestone had to be added to the recycled aggregate. Eventually, the compression strength of the new PCTB proved to be about 40 percent higher than for conventional PCTB, and the base appeared to set up quicker with the recycled aggregate, even though higher moisture content and lower density were observed. It was reported that the unit price using recycled aggregate was 10 percent lower than the unit price for virgin aggregate used by the same contractor on a similar project. The conclusion from this report is surprising given that limestone had to be added to the recycled aggregate; that the steel reinforcement from the old pavement had to be removed with a backhoe and manual labor, often with difficulty; and that crushing the reclaimed pavement was reported to have been "more expensive than crushing virgin aggregate due to problems with mesh and rebar plugging the crusher and magnet." However, the DOT agreed to take over the excess reclaimed pavement, so the contractor did not have to store it or dispose of it. For the PCCP, 50 percent natural sand had to be added to offset the water and cement demand of the reclaimed aggregate. Strength figures were comparable to conventional PCCP. About 50 percent recycled aggregate was used for the road shoulders, but too much large fraction aggregate reportedly made placing of the mix difficult, and internal fracturing of aggregate particles contributed to lower than conventional bearing capacity. It has not been reported how the recycled aggregate affected the durability of the PCTB, the PCCP, or the shoulders. The recycling of steel reinforcing bars in concrete pavements is currently not feasible on a large scale because of high labor costs associated with the activity.
In summary, although not all recycling is economically and environmentally beneficial, recycling of both asphalt and concrete pavements (without the reinforcement) appear to be so. The reclaimed materials are typically reused on site or stored at a nearby mixing plant, with relatively little transportation involved. It is not economical to transport reclaimed materials to distant project locations, but local markets generally can absorb them if there are efficient channels of communication between construction professionals. For example, an Internet-based exchange of information may facilitate buying and selling of local reclaimed pavement material (27) .
Because the EIO-LCA model allows for the economy-wide assessment of environmental effects, we have to be careful to not double count the advantages (saved resources and avoided pollution) of using recycled materials as feedstock of new material production. Secondary materials enter the feedstock streams of new material production and thus are already figured in the economic input-output matrices. Therefore, recycling materials in the end-oflife stage should not get credit for the second time. However, reclaimed asphalt and concrete pavement materials are different: their recycling is relatively new, and these secondary materials may not yet have entered the feedstock streams in large enough volumes and thus show up in the economic statistics. (We were using 1992 economic data in this assessment.) Thus, recycling the entire asphalt pavement would avoid 5000 metric tons of landfill disposal and would likely save energy and other resources. In contrast, not recycling the CRCP would imply 3700 metric tons of landfill disposal at end-of-life.
DISCUSSION OF RESULTS
Some environmental implications associated with the material extraction, the manufacturing, the construction, and the end-of-life stages of a 1-km section of asphalt and cement concrete pavements were presented. Most of the resource inputs and environmental outputs appeared to be higher for the CRCP in this assessment. Therefore, building our roads with reinforced concrete instead of asphalt will have different implications for sustainable development. Establishing the impacts of resource use and waste outputs on sustainable development is a difficult task, but a comparison with annual national totals (6 ) can be interesting and insightful. If all the concrete pavements in the United States [at least 95 000 km (59,000 mi) (1)] were assumed to be continuously reinforced, and the same resource input and environmental output values as found in this study applied, for what percentage of the annual national totals would these values be the primary factor? Furthermore, if all the 1 440 000 km (895,000 mi) of rural and urban Interstate and other highway, arterial, and collector roads and streets in the United States had CRCP, what percentage of the annual national totals would the inputs and outputs represent then? Our findings are presented in Table 3 . (Only the inputs and outputs that were at least twice as high for CRCP as for asphalt were analyzed.) Of course, the 95 000 km of concrete roads have been built over decades, and replacing 1.4 million km of pavements would take many decades. Also, roads with less traffic would not have the same CRCP design assumed for a major highway in this study. But given that concrete pavements need to be replaced after 20 to 25 years at the most, it is evident that significant resources are "embedded" in our pavements and that the corresponding environmental effects are significant. One would hardly expect that concrete pavements (95 000 km) alone are "responsible" for 6 percent of the iron ore consumption in the United States based on 1992 numbers and several percentage points of the 1995 TRI emissions. If 1.4 million km of roads had CRCP, iron ore demand would almost double the U.S. consumption based on 1992 figures, and the concrete and the steel for roads alone would be responsible for 15 percent of the total TRI emissions of the U.S. manufacturing industries in 1995 and as much as one-quarter of the TRI emissions weighted by toxicity (CMU-ET).
The two types of pavements were compared above based on summary environmental effects. It would be a more realistic to compare the annualized environmental burdens, taking into account the expected service life or durability of the two pavement types.
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Determining the average service life of pavements is difficult. A paper (28) reported that the Interstate highways "are designed to last 20 years before major repairs are necessary, but many do not." A 1949 national survey estimated the average age of road surfacing at 12 years, with 13 percent of the roads being more than 20 years old and "nearing the end of their useful lives." As reported by the Portland Cement Association (29) , the most ambitious study of pavement types was conducted from 1929 to 1968 by the FHWA and its predecessor, the Bureau of Public Roads. Nineteen states monitored several pavement types and traffic conditions. A 1971 study based on the collected data reported that the average service life for concrete pavements was 25 years; and for asphalt pavements it was 15 years. However, the design life of pavements depends on many local factors, such as climate, traffic types and volumes, and quality of work, materials, subbase, and so forth. Therefore, using national averages for service life estimation is problematic.
State or regional data on expected design life of pavements would be more helpful. For example, the Portland Cement Association reports (29) that in 1979 the state of Louisiana evaluated pavement sections built between the mid-1950s and the early 1960s. It found that the average service life of the 110 test sections (49 were concrete pavements) was 18 years, with the "majority" of concrete pavements meeting or exceeding their 20-year design life "in good to excellent condition." In contrast, asphalt pavements had to be resurfaced after an average of 13 to 15 years (with 82 percent requiring a structural If we assume that the service life of asphalt pavements is 13 to 15 years and the service life of concrete pavements is 20 to 25 years, annualized environmental effects of the materials extraction and the manufacturing stages (assuming that the time value of pollution is constant and that the data have uncertainties) are roughly comparable for the two pavement materials.
It is also important to consider maintenance requirements. Until the end of their service life, pavements are typically repaired many times, whenever a pavement distress occurs. The overall environmental effects of the two pavement types depend also on how much repair is needed on average for one pavement type versus the other. It is difficult to obtain reliable data. Both the Portland Cement Association (29) and NAPA (25) quote several studies in which one material has capital and operating cost advantages over the other. Unfortunately, the numbers from these reports are not useful because it is unclear how the costs were established, whether equivalent designs were compared, and whether the time value of money had been considered.
For credible analyses, detailed and comprehensive statistical data are needed, not merely anecdotal evidence. The most promising source of newer, presumably better, data is FHWA's Long-Term Pavement Performance program (30) , the largest effort in pavement research ever undertaken in the world. However, data are not yet available from this program.
SUMMARY
When accounting for uncertainty in the data and annualizing the environmental effects (based on assumed average service lives), the resource input requirements and the environmental outputs of asphalt and steel reinforced concrete pavements appear to be roughly comparable. However, some other environmental burdens have not been quantified in this assessment. For example, dust emissions, water usage in manufacturing, nonhazardous solid waste generation and disposal, generation and disposal of hazardous waste by type, environmental effects of landfilling, noise and vibration, visual impacts, and other burdens are currently difficult to quantify because of a lack of data, and-as in the case of visual impacts-lack of an acceptable metric. If these other environmental effects had been included, our assessment might have yielded different conclusions.
During construction, asphalt fumes might pose occupational exposure hazards to workers in the form of respiratory problems and eye and throat irritation. (There is no conclusive evidence that they are carcinogenic.) However, modern paving machines have the capability to channel fumes away from asphalt workers. In the disposal phase of the two pavement types, recyclability is demonstrated for both, but in the United States asphalt pavements have been recycled in larger quantities than concrete pavements. NAPA reported in 1997 that asphalt recycling saves over $300 million a year (25). However, this figure is minuscule compared with the annual expenditure in the nation for pavement [roughly $39 billion in 1996 (31)].
Based on the LCA performed in this study, asphalt pavements appear to be an environmentally better choice if they are recycled effectively. However, uncertainty in the data is large and may have skewed the results. Also, many other important environmental factors have not been included in this analysis. Regardless of the environmental effects, special functional requirements or economics may dictate the use of one material over the other in particular applications. A great majority of the roads and streets in the United States have an asphalt wearing course today. If the conclusions of this analysis are correct, lower overall environmental effects of asphalt pavements (due to recycling) coincide with their widespread use, providing an example for sustainable development.
